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Skeletal Development During Childhood 
and Adolescence and the Effects of 
Physical Activity 
Han C.G. Kemper 
This paper reviews the growth and development of skeletal mass in youth and 
the effects of physical activity upon the bone mass in young people. The differ- 
ent methods to measure the bone mass are described such as anthropometrics, 
radiographics, dual energy X-ray absorptiometry, quantitative computed tomog- 
raphy, and ultrasound. Tho different mechanisms are important for the forma- 
tion and plasticity of bone: a central hormonal mechanism (with esb-ogen pro- 
duction) and a local mechanism (based on mechanical forces of gravity and muscle 
contractions). This local mechanism is closely connected to physical activity 
patterns and therefore discussed in more detail. Thereafter the natural course of 
the development of the bone mass during youth is described, taking into account 
the pubertal stages of boys and girls and also the age at which the maximal bone 
mass (peak bone mineral density) will be reached. The last part is devoted to the 
effects of physical activity on bone mass based on results of randomized con- 
trolled trials. Although the number of experimental studies are scarce, significant 
effects of weight bearing activity and high impact strength training programs are 
shown on the side specific bone mineral density in both boys and girls. 
Physical growth and development have been extensively investigated from 
prenatal growth to birth and from postnatal growth to adulthood by many longitu- 
dinal studies from all over the world. In 1955 Tanner (43) published the first edi- 
tion of his book Growth at Adolescence and, in 1981, A History of the Study of 
Human Growth (44). Both books have been used as state of the art publications 
about human growth and development. The methods that are used in general to 
measure growth changes are mainly based on simple anthropometric measure- 
ments of the total body (body height, body mass) or of body segments (trunk height, 
limb lengths). Also breadth measurements (shoulder, hip, wrist, and knee), cir- 
cumferences (head, trunk, hip, waist, and limbs), and skinfold measurements at 
different sites of the body are applied according to standard methods (47). 
All of these measurements estimate different dimensions of the body but do 
not take into consideration changes in the composition of these body parts. 
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Radiographic methods are used to indicate calcified cartilage and ossificated 
bone and to estimate skeletal maturation. Different methods have evolved to assess 
the rate of maturation or biological age from X-rays at wrist and knee. From a 
comparison of skeletal age with calendar age the child can be characterized as an 
early or late maturer (1 1). 
In recent years, new methods have been developed to measure bone mass by 
energy absorption from gamma radiation by calcium in the bone. The methods 
mostly described in the literature are single photon absorptiometry (SPA), dual 
photon absorptiometry @PA), dual energy X-ray absorptiometry (DEXA). and 
quantitative computed tomography (QCT). 
Most people think that the skeleton is apassive structure; this is certainly not 
true. Bone is a vital, dynamic connective tissue, which adapts its structure to its 
function. To fulF1 these structure-function relations adequately, bone is continu- 
ously being broken down and rebuilt in a process called remodeling. The mecha- 
nisms that underline bone formation are discussed in a separate paragraph. 
Bone mass in general increases at the same rate during growth and develop- 
ment in boys and girls, but at the beginning of puberty, a sexual dimorphism oc- 
curs and bone mass increases faster in boys than in girls. Maximal bone mass is 
reached in the late teens and early 20s; thereafter, it gradually declines. This de- 
crease is accelerated in women after menopause (Figure 1). 
The average woman has a higher risk of osteoporosis than the average man 
for at least two reasons: First, women reach a lower maximal bone mass in their 
youth and, second, women lose bone at a higher rate after menopause. 
Since not much is known about the natural development of bone mass during 
youth, the literature will be reviewed on (a) the changes in bone mass during prepu- 
bertal, circurnpubertal, and postpubertal development; (b) the differences in bone 
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Figure 1 - The development of bone mass in males and females with age; the os- 
teoporotic fracture risk is usually reached at an earlier age in females than in males. 
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development between boys and girls; and (c) the point of time at which the maximal 
amount of bone mass, or the so called peak bone mineral density (PBMD), is reached. 
The final part of this article focuses on the effects of physical activity and the 
type of physical activity that is most effective with respect to bone adaptation. Most of 
the bone studies are aimed at prevention and retardation of bone loss in pre- and 
postmenopausal women. An important question remains whether it is possible to in- 
crease the bone mass during the growing years in boys and girls by physical activity in 
order to attain higher maximal bone mass at young adult age (41). Although there are 
only a few experimental studies the main results will be summarized. 
Methods of Measurements of Bone Mass 
Anthropometrics 
Von Dobeln (9, 10) proposed a measure for estimation of the skeletal weight from 
height and four breadth measurements (left and right femur condyli and radio-ulnar 
width). This method is sound so long as it is used for estimating total weight of bone 
mass in comparison with muscle and fat mass estimated by skinfolds and circumfer- 
ences in combination with height and weight. In the Netherlands, this concept is used 
to correct the body weight to body height relationship: The Dutch Heart Foundation 
constructed a reference scale (for ideal body weight) based on the Quetelet Index or 
Body Mass Index (QI or BML weight/height2) that included the possibility of calcu- 
lating the ideal body weight taking the breadth of the femur condyle into consider- 
ation. However, this is a misuse of the skeletal component of this algorithm because 
an adjustment is made for the least variable of the three-component model of body 
composition, with lean and fat mass being the other components. 
Radiographics 
In November 1895, over 100 years ago, the German physicist Wilhelrn Conrad 
Rontgen discovered gamma radiation and demonstrated a radiogram showing the 
bones of his own hand. He called this X radiation. The anatomist Albert von Kolliker 
connected Rontgen's name to this kind of radiation. Since then, X-rays have been 
widely used in medicine for detection of infectious diseases, pathologic neo- 
plasmata, and traumatology. 
A whole other field of applying radiographics is as a measure of biological age 
with respect to skeletal growth and development. Skeletal maturation begins as a 
process when rudiments of bones appear during embryonic life and is completed 
when skeletal form becomes comparatively stable in young adulthood. During matu- 
ration, there are increases in the types and numbers of specialized cells, including 
cartilage and fibrous tissue cells that form part of a bone (36). In 1950 Greulich and 
Pyle (1 8) published their radiographic atlas of skeletal development of the hand and 
wrist, with a second edition in 1959. Roche et al. (35) from his Longitudinal Study 
used the knee joint as bones of interest for determination of skeletal maturation (Roche- 
Wainer-Thissen method, RWT); however, most assessments of skeletal maturity are 
made from radiographs of the hand-wrist because this site has considerable advan- 
tages over other parts of the skeleton. These advantages stem from the little irradiation 
required, the ease of radiographic positioning, and the large number of bones in- 
cluded in the area. Therefore, the RWT method using the knee joint as a biological 
indicator for growth was extended with the hand-wrist method. In Europe, Tanner et 
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al. (49, from the Institute of Child Health in London, published in 1975 their Tanner- 
Whitehouse II (TW2) method for the determination of growth also using X-ray pho- 
tographs of the left hand, including 20 bones of the hand and wrist. 
A11 these skeletal maturity scales are used to estimate the developmental or 
biological age of children, correcting for children who mature faster or slower than 
the average child with the same calendar age. In pediatrics, it can be used to pre- 
dict adult height of children (mostly girls) whose parents expect them to be very 
tall and consider intervening in their growth by using hormones to close their 
endplates earlier. 
Dual Energy X-ray Absorptiometry (DEXA) 
Radiographs cannot easily quantlfy changes in bone density, because 30% of it has to 
be lost before it can be detected by X-ray. However, recent technical advances have 
made it possible to measure bone mass by energy absorption from gamma radiation 
in the bone. DEXA is now the most precise and widely used method of assessing 
bone density, as well as the preferred method, because scanning time is shorter than 
with dual photon absorptiometry (DPA). Also, resolution has been improved, and 
measurements can be made of the lumbar spine, femoral neck, and forearm, and for 
the total body. 
From the DEXA method, two measures are caIculated: the bone mineral 
content (BMC) and the bone mineral density (BMD). The BMC is the total amount 
of minerals in the selected bone in grams, and the BMD is the amount of grams of 
bone mineral divided by the area of the selected bone (g/cm2). The BMD however 
is not a real measure of bone density (g/cm3). This is therefore called area density. 
In growth, bones not only increase their area but also their volume. These 
size changes influence the areal BMD. Therefore, attempts have been made to 
estimate the volume of the bone of interest and to correct for this bone size effect 
by an additional measure of bone mineral apparent density (BMAD; ref. 38). 
Quantitative Computed Tomography (QCT) 
QCT systems have been adapted for estimation of bone mineral content allowing 
cortical bone to be separated from trabecular bone. Furthermore, it provides us with a 
true measure of total, cortical, or trabecular bone mineral volumetric density (mg x 
mm3). However, the equipment is more expensive and exposes patients to high radia- 
tion doses. A peripheral QCT system is now available for the forearm with a lower 
dose of radiation. Recently, Frost (12) showed that the breaking strength of rat femurs 
is more highly correlated with QCT derived bone strength index (r = 0.94) than with 
BMD (r = 0.80). 
Ultrasound 
- - ------ - - -------__I _ 
Ultrasound measurements have been available since 1984 for the ca~caneus-and 
have the potential for wide-spread clinical applications. 
Mechanisms of Bone Formation 
Movement is the result of electric impulses being passed from the central nervous 
system to the skeletal muscles. These muscles contract (shorten) in order to move 
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body parts with respect to each other (arms, legs, head, and trunk) and/or the whole 
body with respect to the surroundings (walking, cycling, swimming). Exercise is not 
necessarily dynamic - sometimes muscles contract without causing movements but 
increase their tension as in static exercises such as standing, active sitting, or pushing 
against a wall. 
Both the duration and intensity of exercise play a role in the physical load 
placed on the body. Low-intensity, long-lasting exercise increases ventilation and 
circulation to meet oxygen demand for delivery energy to the active muscles. This 
is important for a better capillarization and oxygen delivery to the muscle. High- 
intensity, short-lasting exercise is important for the development of muscle and 
bone mass. Results show that of these two factors, it is not the duration of exercise 
which is the key factor affecting bone health but the intensity of the forces that act 
upon the bones. Weight-bearing activities, such as walking, running, and dancing, 
have more effect on bone health of the legs and vertebrae of the lower back than 
have swimming and bicycling, although all activities need approximately the same 
amount of energy when performed for identical lengths of time. This difference in 
effect on bone health is in contrast to the effects of these activities on the lungs, 
heart, and circulation: If performed with the same intensity and duration, swim- 
ming has the same effect as running on the oxygen transport system. 
Two different mechanisms seem to act on bone mass: central hormonal factors, 
such as estrogen production, and local mechanical factors, such as the muscle forces 
exerted on the bones of the skeleton during contraction and the forces of gravity that 
act on the entire body during standing and other weight-bearing activities (40): 
a. Central hormonal factors maintain serum calcium concentrations within a 
limited range. Calcium is one of the most common ions in the human body, and 
almost 99% of body calcium is deposited in the skeleton. Estrogens suppress the 
activity of osteoclasts, the bone-resorbing cells, and thus help to maintain bone mass. 
During exercise, serum concentrations of testosterone, and estrogen are elevated, in- 
fluencing calcium homeostasis and the activity of osteoclasts and osteoblasts. Hor- 
monal replacement therapy in women after the menopause makes use of this action of 
estrogen. 
b. The local mechanical forces of exercise cause (1) stress on the bone and 
calcium accumulation on the concave side of the bending bone, and (2) 
microtraumata that are removed by osteoclasts and repaired by osteoblasts. 
The supposed mechanisms behind the local mechanical forces are the following: 
During flexion the bone acts like a piezo-electric crystal while accumulating 
calcium at the concave (i.e., negative loaded) side; 
Mechanical demands, occurring by overload, are sensed in the bone by osteo- 
cytes via strainderived flows of interstitial fluid. They stimulate the osteoclasts 
in removing the damaged structures and at the same time the osteoblasts repair 
the structure of the bone matrix (7). In the case of a too strong or too often 
damaged bone, the process of repairing falls behind the process of removal, and 
microfracture will occur. When the mechanical load falls below the fracture 
intensity, remodeling activities are stimulated and result in bone hypertropy. 
Remodeling of the bone after a change in mechanical load by weight bearing 
activities (including experiments with added extra weights) has been proved in 
experimental studies in a great number of animals (26). Moreover, in some of 
these experiments, it has been shown that the effects are proportional to the 
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intensity of the (extra) load. The amount of hypertrophy seems also to de- 
pend on the difference between the extra load and the load to the bone before 
the extra load was added. 
Not much is known about the interaction between central-hormonal and lo- 
cal-mechanical factors. However, physical activity leads to an increase of 
serum estrogen levels; this diminishes the sensitivity of the bone for the par- 
athyroid hormone and the activity of the osteoclasts; when bone mass thus 
increases, more calcium (Ca2') and phosphorus (P) are resorbed from the 
blood. This lowering of Ca2+ and P concentrations in the blood then stimu- 
lates the parathyroid hormone; the latter inhibits vitamin D production, stirnu- 
lates calcium absorption, and decreases calcium secretion. 
As long as the forces exerted on the bones remain weaker than those needed 
to cause a macro fracture (referred to as the fracture limit), this remodeling process 
is able to adapt the bone to the external biomechanical stress and bring about bone 
thickening (hypertrophy). During long periods of inactivity, such as prolonged bed 
rest, the bone becomes atrophic as a result of relatively higher osteoclast activity 
compared to osteoblast activity. The central hormonal system and the local me- 
chanical system interact to optimize the function of the skeletal system. In the case 
of exercise, mechanical factors seem to be most important for affecting bone mass. 
Animal experiments (37) in an ulna-model of roosters have shown that load- 
ing of bone a few times (four times) a day can prevent bone loss, and that a fre- 
quency of loading (36 per day) results in an optimal increase in bone mass. Bone 
mass is not further increased by increasing the daily frequency of bone loading to 
360 or even 1,800 times per day (Figure 2). Therefore in humans, short bursts of 
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Figure 2 -Experiments in animals show that loading bones at a frequency of four times 
a day over a period of 42 days is sufficient to maintain bone mass and that an optimal rate 
is 36 times a day, which increases bone mass by 40%. A further increase in frequency to 
360 or 1,800 times a day did not have more effect(after Rubin and Lanyon, ref. 37). 
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explosive exercise, such as skipping, stair climbing, and jumping, are supposedly 
more effective for bone development than popular forms of exercise such as walk- 
ing, jogging, bicycling, and swimming. 
Bone, therefore, appears to react best to exercise that is characterized by a 
pattern of unexpected and irregular high loads with a relatively low frequency and 
short duration. This is quite different from endurance exercise designed to im- 
prove aerobic function, which needs a load of long duration (or high frequency) 
and low intensity. For comparison, Figure 3 shows an example of a typical and 
effective exercise for loading bone (skipping) and an effective exercise for loading 
the oxygen transport system (jogging). Extrapolated from the results of animal 
studies, skipping for 1 min a day (six times for 10 s) seems effective for maintain- 
ing bone mass, whereas jogging for 1 hr a day (two times 30 min) is more effective 
for the development of the oxygen transport system. Exercise that is effective in 
maintaining bone mass seems to take a lot less time than endurance exercise! 
Natural Course of Bone Mass Development 
Although in Figure 1 the general course of bone mass was outlined, not much is 
known about the exact timing of the age at which the maximal amount of bone mass 
is reached. Therefore, I fist  review the literature about bone development in boys and 
girls before puberty. Second, I estimate the importance of the pubertal period in the 
total development of bone mass. Third, I answer the question about the age at which 
maximal or peak bone mineral density occurs in males and females. 
Development of Bone Density Before Puberty 
Six cross-sectional studies (5,  13, 15, 17,42) and a 1-year longitudinal study (46) 
conclude that between boys and girls, there is no significant difference between 
skipping per day running twice for 30 
minutes 
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Figure 3 - Comparison of two types of exercise with different effects on the musculo- 
skeletal and the cardio-respiratory system. Short explosive exercise (A), such as skip- 
ping six times a day for 10 s (total exercise time per day is 60 s), is effective for bone 
and muscle strength, whereas low-intensity exercise (B) of long duration, such as jog- 
ging 2 times a day for 30 min (total exercise time is 60 min), is more effective for the 
development of the oxygen transport system (after Kemper, ref. 23). 
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the bone mineral density of the radius and the lumbar spine. This indicates that the 
development of BMD before puberty is not dependent on steroids. 
Although there is a trend for a gradual increase from birth to puberty in bone 
mass, from the seven reviewed publications it is not possible to make a quantita- 
tive estimation of the proportional contribution of this time window to the total 
(adult) bone mass. Although before puberty, there is no difference in BMD be- 
tween boys and girls, there is a sex difference apparent with a greater bone mass 
accumulation rate from 11-14 years in girls and from 13-17 years in boys (46). 
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Figure 4 - Bone mass gain (glcm2/year) in BMD of lumbar region and femoral neck 
in boys and girls during adolescence (after Theintz et al., ref. 46). 
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Development of Bone Density During Puberty 
Puberty is a relative short period of 3-5 years in the life of boys and girls. This 
short period seems to be a very important one for the development of bone mass if 
we review the literature. The results of six cross-sectional studies (5,13,14,15,17, 
19) are shown in Figure 5. The increase of lumbar BMD in girls varies between 17 
and 70% and in boys between 38 and 75% of total adult values. Riis et al. (34) 
found an increase of 31% in the radial region during the puberty of boys. 
The high variation in the results can be attributed to several factors: (a) dif- 
ferences in the classification of puberty, (b) confounding factors such as nutritional 
and/or activity patterns that are different for the populations studied, and (c) 
the possible influence of early or late maturation: Early maturation coincides with 
a relatively longer exposition to sex specific hormones than late maturation; estro- 
gen levels in girls and testosterone levels in boys seem to be related to bone mass 
development. 
These cross-sectional data shown in Figure 5 suggest that in boys and girls, 
the pubertal years add sometimes 30-75 % to total bone. 
However, Bailey et al. (2) reported that the BMD changes should be inter- 
preted with caution because of the methods used. Determination of BMD by pro- 
jectional methods like Dual X-ray Absorptiometry (DEXA) provide areal densi- 
ties (g/cm2) that are confounded by the earlier mentioned size changes accompa- 
nying growth. Consequently, calculated volumetric BMD percentage increases are 
substantially less than the corresponding area BMD value increases. 
This dimensional consideration explains why Gilsanz et al. (14) showed the 
lowest increase (17%), since they were the only ones that used the quantified com- 
puterized tomography (QCT) method to measure BMD, and this method provides 
real volumetric BMDs. 
The BMD changes during the growth period that are reported in the litera- 
ture, which indicates that around puberty 50% of BMD is accreted, are measured 
with DEXA and must therefore be doubted. The only study with the QCT method 
reports a 15% volume BMD increase in pubertal girls, which seems to be a more 
realistic value. 
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figure 5 - Estimation of percentage increase in lumbar bone mineral density re- 
ported in six cross-sectional studies in boys and girb during their pubertal years. 
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Maximal Bone Mass (Peak Bone Mineral Density, PBMD) 
Most of the anatomical structures and physiological functions, such as muscle 
mass, cardio-respiratory functions, immune system, and central nervous system, 
show a typical pattern over time. This is characterized by a steep increase during 
the growth period until the age of 20 years and, thereafter, a much slower decrease 
and gradual decline during aging (24). This pattern implies that there is a point or 
period in time when the human functions reach their maximal capacities. The ques- 
tion is whether there is a similar pattern observable in the development of bone 
mass, and if so, at what point in time of life peak bone mineral density (PBMD) 
occurs. 
From 12 cross-sectional studies that have been published since 1981,7 have 
been performed with girls and 5 with both boys and girls. 
In principle a cross-sectional design is not adequate to indicate individual 
changes over time. It also has methodological constraints (such as cohort effects, 
secular trends, etc.). With these flaws in mind, the results of six cross-sectional 
studies, with acceptable methodology and with sufficient information from the 
publications, will be considered (5,6, 13-15,32). 
They report an age period of reaching PBMD in girls between 16 and 23 
and, in boys, between 16 and 25 years. In Table 1, the results of estimated age of 
peak bone mineral density (PBMD) of each of the six valid studies are given sepa- 
rately for boys and girls. 
Eight longitudinal studies investigated the development of BMD and PBMD. 
All of them used female subjects. From a methodological point of view the quality 
of three studies can be questioned seriously. These studies tend to confirm the 
cross-sectional results that PBMD occurs before the age of 20. However the two 
high quality studies from Davies et al. (8) with a follow up of 4 years, and from 
Recker et al.(31) with a follow up of 5 years, show very clearly that at least in 
females, the age of PBMD is reached much later than 20 years: Lumbar, radial, 
and total BMD reach the highest values around the age of 30 years. 
In Table 2, the estimated age at PBMD of three low quality (29,33,39) and 
two high quality (8,31) longitudinal studies is summarized. 
Because no data are available for males, it remains unknown at what age 
PBMD is reached in males. 
Table 1 Cross-Sectional Studies-'helve Studies Between 1981 and 1992 
Age at PBMD (years) 
Study Females Males 
- - - - .- -- 
__- ._- - __ _ 
Gilanz et al. (14) 16-17 - 
Buchanan et al. (6) 15-23 - 
Glastre et al. (15) >15 >15 
Geusens et al. (13) 16-20 21-25 
Bonjour et d. (5) 14-15 17-18 
Rico et al. (32) 15-19 - 
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Table 2 Longitudinal Studies-Eight Studies of Females 
Three studies that are invalid Age at PBMD (years) 
Riggs and Melton (33) 
Moen et al. (29) 
Slemenda et al. (34) 
Two studies that are invalid Age at PBMD (years) 
Davies et al. (8) 
Recker et al. (3 1) 
The discrepancies between the results of cross-sectional and longitudinal 
studies should be attributed to confounding factors. In general high quality cross- 
sectional studies tend to establish PBMD in females between 16 and 25 years of 
age and the high quality longitudinal investigations, much later, around the age of 
30. Because longitudinal data are more valid to detect age changes, it is more 
likely that PBMD in females is occurring not in their late teens but in their late 20s. 
Recently Bailey (1) investigated bone mineral accretion in growing children 
from the Saskatchewan Pediatric Bone Mineral Accrual Study. To investigate how 
bone mineral at clinically important sites proceeds in relation to maturation, dis- 
tance and velocity curves for body height and bone mineral content (BMC) were 
made in both boys and girls, measured every 6 months during 6 years. 
Figure 6 shows the results: In both boys and girls, over 35% of total body 
BMC was laid down during the 4-year circumpubertal period, and peak BMC was 
reached about 1-1.5 year after peak height velocity (PHV). 
Effects of Physical Activity and Physical Fitness on 
Bone Mass 
Longitudinal studies that include interventions with extra physical activity are in- 
dispensable in proving that bone mass can be influenced by the daily activity pat- 
tern of the subjects involved. The majority of these intervention studies are done in 
females older than 45 years in order to investigate if exercise protocols can prevent 
postmenarchal bone loss and later osteoporosis. The preferred methodology is the 
so called randomized controlled trials (RCT). 
In a recent meta-analysis of RCTs, the effects of exercise training programs 
in pre- and postmenopausal women on BMD of the lumbar spine (LS) and the 
femoral neck (FN) were summarized (49). The study treatment effect was defined 
as the difference between percentage change in BMD per year in the training and 
the control group. Seventeen articles were included. The summary treatment ef- 
fects were in premenopausal women 0.9% (95% CI: 0.4-1.4) in LS and 0.9% 
(0.3-1.5) and, in postmenopausal women, 0.9 (0.4-1.3) in LS and 1.0 (0.4-1.5) in 
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Figure 6 -Total body bone mineral content velocity curves of boys and girls aligned 
on age at PHV (after Bailey, ref. 1). 
FN. It showed that exercise prevented almost 1 % BMD loss per year in both pre- 
and postmenopausal women. 
The number of RCTs in young subjects however are scarce: Three studies on 
girls (4, 16,30) and two on boys are valid for review (3,28). 
The boys' study of Margulies (28)-with 268 military recruits, age 18-21 
involved in intensive training 8 hr per day per week-had no control group, and 
the period of follow-up was relatively short (14 weeks). More importantly, about 
40% of the subjects could not comply because of stress fractures. 
In 1998, Bradney et al. (3) published a study in prepubertal boys comparing 
an 8 months, three times per week 30-min program consisting of weight bearing 
exercise with a control group matched for age, height, weight, and BMD. 
The increase in BMD was site specific and twice that in controls in lumbar 
spine, legs, and total body (Figure 7). 
Gleeson et al. (16) performed a 1-year three times per week weight training 
program of 30 rnin duration, with an intensity of 60% of the one repetition maxi- 
- -. mum in 34 women (24-46 years). They compared the bone density in lumbar 
s p i n ~ ~ c - s i l c ~ e u i w i t I T 3 8  coniiSQod-rangesirBM£km~d befmnd-in either 
group. Blimkie et a1.(4) found also nonsignificant changes in younger girls (14-18 
years) following a weight training program over a shorter period of 26 weeks. 
A 10-month intervention in premenarchal girls by Morris et al. (30), with 
high impact strength-building exercise, showed a significant increase at all four 
bone sites of interest (proximal femur, neck of femur, lumbar spine, and total body). 
This increase was accompanied by a decrease in fat mass and a gain in lean mass, 
shoulder, knee, and grip strength (Figure 8). 
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Figure 7 - Changes in areal BMD as a percentage per month in six regions in the 
exercise and control group. *p < .05; **p < .01, change from baseline; +p < .05; ++p < 
.O1 (after Bradney et al., ref. 3). 
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Figure 8 - Absolute change in BMD across 10 months in exercise and control group; 
TB =total body; LS-lumbar spine; FN = femoral neck and PF = proximal femur; *p < 
.05 (after Morris et al., ref. 30). 
Non-experimental results are available from the Amsterdam Growth and 
Health Longitudinal Study (48). About 200 males and females were measured 
longitudinally from age 13 to 27. In this study, measurements were taken of ha- 
bitual physical activity and nutritional intake on six occasions. At age 27 the BMD 
of the lumbar region was measured by DEXA. 
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The longitudinal information of weight bearing activity and calcium intake were 
considered over three periods: the adolescent period from 13-18 years, the period 
between 13 and 22 years, and the total period between the age of 13 and 27 years. 
Results of multiple regression analysis showed that in both sexes, weight 
bearing activity and body mass were significant positive contributors to the predic- 
tion of BMD at age 27. Calcium intake never appeared to be a significant predictor 
of BMD in the three periods. From these results, it can be concluded that BMD in 
the lumbar spine at age 27 may be influenced by body mass and a high level of 
weight bearing physical activity carried out during youth. 
To address the question about what the most important factor is for bone mass 
development during youth in the same study, the physical activity data were scored in 
two different ways: (a) by calculating the total weekly energy expenditure of all weight 
bearing activities (expressed as the number of weight bearing METsIweek), and (b) 
by calculating a score that takes into account the ground reaction forces at weight 
bearing activities as multiples of body weight, irrespective of the frequency and the 
duration of the activity (i.e., giving a weighted peak strain score). 
The two different habitual physical activity scores were again calculated for 
each subject over three time periods: the adolescent period (four annual measure- 
ments between 13 and 17 years of age), the young adult period (two measurements 
between 17 and 22 years of age), and the adult period (two measurements between 22 
and 27 years of age). 
Linear regression analyses were performed to analyze the relation between 
BMD at age 28 and the physical activity scores over three foregoing periods. The 
physical activity scores were entered in the regression model as independent vari- 
ables, and gender was added to the model as a covariate. In Figure 9, the standard 
explained variance by activity score (%) 
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Figure 9 - The relationship of BMD in the lumbar spine at age 27 years with meta- 
bolic physical activity (MET) score and mechanic physical activity (Peak) score dur- 
ing three different preceding periods in 182 males and females from the Amsterdam 
Growth and Health Study (22). 
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regression coefficients of lumbar BMD and femoral neck, BMD, respectively, are 
given for the MET score and the peak strain scores, and for the three different 
periods. 
The results show that the time period over which the physical activity scores 
were taken came closer to the BMD measurement at age 27, and the more impor- 
tant became the peak strain score of physical activity. For this mechanical compo- 
nent of physical activity, the explained variance of BMD increased from 2% dur- 
ing adolescence to 13% in adulthood. For the metabolic score of physical activity 
the explained variance decreased from 6% during adolescence to 1 % in adulthood 
for both sexes (20). This strongly supports the validity of the results of animal 
studies in human subjects. 
The preventive effect of peak strain, however, has to be confirmed in youth 
in a true experimental design, since the significant differences in BMD can still be 
explained by self-selection of activity levels during the growing years. 
Recent results from Mirwald et al. (27) presented at the first international 
conference on Children's Bone Health in Maastricht comparing active subjects 
(top quartile) with inactive subjects (bottom quartile) suggest that a modifiable 
lifestyle factor like physical activity plays a role in the optimization of bone min- 
eral acquisition at the lumbar spine in boys and girls during the adolescent growth 
spurt. A cross-sectional study in female tennis and squash players (21) showed 
that training started in puberty is maximally beneficial for mineralization of the 
bone of the playing arm. This training effect on BMD remained into adulthood 
(age 21-30 years) after 4 years of cessation of the training (25). 
Conclusions 
Bone mass increases rapidly during growth and development. The mechanism seems 
to be dependent on centrally regulated hormonal factors, locally determined me- 
chanical factors, and an interaction between the hormonal and mechanical factors. 
The quantitative increase of BMD during growth, measured by energy ab- 
sorption methods such as DPA, SPA and DEXA, gives an overestimation, because 
these measures do not take into consideration differences in dimensional growth 
of the bones in question. 
Before the age of puberty (around 12 in girls and 13 in boys), no significant 
differences in BMD between boys and girls are demonstrated. Girls show greater 
bone mass accumulation rate at an earlier age (11-14 years) than boys (13-17 years). 
During the pubertal growth spurt, it is now clear that the increase in BMC on 
the average is 35% of total lifetime BMC increase. The clinical significance of this 
high percentage is that as much BMC is laid down during the four adolescent 
growing years as most people loose during their adult life. 
Investigations that measured BMD longitudinally indicate that boys and girls 
reach their peak BMD in their late 20s and not in their late teens. In both sexes the 
greatest change in BMC per year occurs 1 or 2 years after PHV. 
There are at least two exercise-related strategies to prevent osteoporosis (Fig- 
ure 10). One preventive strategy is to increase bone accrual during youth by in- 
creasing the amount of exercise in order to achieve a greater peak bone mass. A 
second strategy is to ensure that adults maintain a physically active lifestyle until 
old age, thus minimizing bone loss during aging. In this way, exercise delays the 
age at which the osteoporotic fracture limit is reached. 
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Figure 10 -The possible effects of lifetime exercise on the developmental curve of BMD: 
the average curve of inactive people (interrupted line) is shifted to the top-right (solid 
line) resulting in a higher BMD at any age and crossing the osteoporotic limit at a later 
age. 
In young males and females the effects of exercise intervention on BMD are 
scarce. Recent experimental studies show significant effects of weight bearing ac- 
tivity and high impact strength training programs on the side specific BMD in both 
boys and girls. The earlier a child starts with physical activity, the more bone is 
accumulated. 
A preventive effect of weight bearing activities on the PBMD is also shown 
in the Amsterdam Growth and Health Longitudinal study: Both 27-year-old males 
and females, with relative high levels of peak strain weight-bearing physical activ- 
ity pattern during the foregoing 15 years, show significantly higher PBMD in their 
lumbar spine than their inactive counterparts. 
Further research is required to establish the most effective type of exercise 
for increasing bone mass and true experimental studies that are aimed at the possi- 
bility of increasing PBMD in both sexes in order to attain optimal maximal bone 
mass at young adult age. 
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